Objective: The purpose of this study was to evaluate the feasibility of using integrated slice-by-slice shimming (iShim) for improving the image quality of whole-body diffusion-weighted imaging (WBDWI) in patients with plasma disorder at 3 T by comparing to WBDWI using a conventional shimming (3-dimensional [3D] shim) adjustment of each body station. Materials and Methods: After approval by the local institutional review board, 2 healthy volunteers and 29 suspected patients with plasma disorder participated in this cross-sectional study. All participants were scanned by the same WBDWI protocol with iShim and 3D shim, consecutively. Body region-dependent signal-to-noise ratio (SNR) between iShim and 3D shim was compared in 2 volunteer scans. Body region-dependent shimming parameters, image quality, the number of suspicious lesions, and the agreement of apparent diffusion coefficient values were compared in 29 suspected patients with plasma disorder. Signal integrity between images acquired at adjacent bed positions, in sagittal reformats, which may be impaired by susceptibility effects, was assessed using an image quality score between 1 (worst) and 4 (best). Spatial displacement of diffusion-weighted images was calculated using a 3D turbo spin-echo acquisition as a reference. Results: For the SNR comparison in 2 volunteers, the iShim technique yielded 8-fold and 15-fold SNR improvements in the neck region (P < 0.05), while keeping a comparable SNR (ratio, 1 ± 0.2) performance in other body regions (P > 0.05). In the patient group, the mean score of image quality for iShim WBDWI was 3.69, and 76% of the cases showed unimpaired wholebody signal integrity, while in 3D shim WBDWI images, the mean image quality score was 1.93, and only 7% of the cases showed unimpaired whole-body signal integrity. The spatial displacement of diffusion-weighted images was on average reduced from 7.21 mm (3D shim) to 3.89 mm by using the iShim technique. Twenty-four of 72 suspicious lesions visible in iShim images of the neck region were missed on 3D shim images due to signal loss, while the number of focal lesions in the other body regions was comparable. With the 2 different shimming techniques, the agreement of apparent diffusion coefficient values of lesion and muscle in the head, thorax, abdomen, and pelvis regions was excellent (r > 0.75; P > 0.05), but there was a significant difference in the neck region (P < 0.05). Conclusions: The iShim technique is an effective method to reduce the negative impact of susceptibility effects at 3 T on whole-body diffusion imaging, as supported by the apparent improvement in signal integrity and spatial alignment, as well as improved SNR in the neck region. Compared with the 3D shim technique, the iShim technique showed improved conspicuous lesion findings in the neck region.
W
hole-body diffusion-weighted imaging (WBDWI) is considered as a powerful clinical tool in the detection, characterization, and treatment response monitoring of tumors. 1, 2 It has been increasingly used in the evaluation of multiple myeloma, lymphoma, and skeletal metastases. [3] [4] [5] [6] [7] [8] Being a measure of the microscopic water motion, WBDWI provides a quantitative way of evaluating the tissue cellularity using the apparent diffusion coefficient (ADC). For example, whole-body magnetic resonance imaging (WBMRI) including WBDWI is sensitive to multiple myeloma, especially in the case of diffuse bone marrow infiltration. 9 The combination of WBDWI with fluorodeoxyglucose positron emission tomography may provide a multiparametric assessment of tumor due to its different imaging principle, where the WBDWI evaluates the tumor cellularity and the fluorodeoxyglucose positron emission tomography assesses the tumor metabolism. 10 Up to now, the image quality of WBDWI at 3 T has so far been barely able to meet the clinical demands. The signal-to-noise ratio (SNR) is increased at 3 T, but it is still a challenge to perform WBDWI due to the drawback of single-shot echo planar imaging (EPI) acquisition and the stronger susceptibility effects, which lead to stronger geometric distortions and worse fat suppression performance in specific body regions such as the neck region. The distortions Δd in EPI are proportional to the field of view in the phase-encoding direction (FOV PE ), the echo spacing Δt PE , and the local off-resonance ΔB0 (Δd FOV PE Â Δt PE Â ΔB0). Recent technical developments in diffusionweighted image (DWI) acquisition such as multishot 11, 12 and zoomed techniques 13, 14 have shown improvements with less geometric distortion and higher image quality from the perspective of reducing FOV PE and Δt PE . However, the aforementioned techniques are not clinically feasible for whole-body imaging because of longer acquisition time, field of view (FOV) restrictions, and sensitivity to motion.
In addition to the aforementioned methods, another approach is to optimize the B0 homogeneity. In the past, there were several studies showing the feasibility of reduced susceptibility artifact by dynamically updating optimized shim settings for each individual slice in a multislice acquisition. 15 A recent study using slice-dependent shimming has also shown improved image quality in 3 T breast DWI. 16 However, its advantage to WBDWI is still unknown. The approach in this study is to introduce an integrated slice-by-slice shimming (iShim) technique for WBDWI, where a 2-dimensional (2D) gradient-recalled echo (GRE) sequence preceding the WBDWI EPI scan determines and sets the center frequency and the linear shim terms individually for each slice.
The purpose of this study is to evaluate the feasibility of the proposed iShim technique for WBDWI by comparison to conventional 3D shim-based shimming adjustment for each body station in patients with plasma disorder (eg, multiple myeloma) in terms of SNR, image quality, suspicious lesion detection, and the agreement of ADC values.
MATERIALS AND METHODS

Subjects
The cross-sectional study was approved by the institutional review board, and each participant provided written informed consent. Two volunteers and 29 patients with suspected plasma cell disorders participated in this study between December 2013 and June 2014 (Table 1 ). All the volunteers and patients were able to finish the WBMRI scans.
Shimming Techniques
For the conventional 3D shim protocol, high-order shimming (up to second order) was used for the entire slice stack of each bed position, and the acquisition of the field map was included in the automatic scanner adjustment, which ran in approximately 33 seconds per station (35 slices per station). In addition, a single-center frequency was determined in a separate frequency adjustment. Center frequency and shim currents were set before the EPI scan.
For the iShim protocol, the patient-specific 3D shim procedure in the automatic scanner adjustment was disabled. The acquisition of the field map was integrated into the single-shot DWI EPI sequence (iShim). This prototype sequence first acquires 2D multigradient echo images for each imaging slice with its FOV and orientation adapted from the respective imaging slice (Fig. 1) . The echo time difference of the first and last echo was chosen such that fat and water alias. Then, a phase difference image was calculated from these 2 echoes. The remaining processing of the field map data was done in 3D and comprised phase unwrapping, background masking, and a calibration to avoid global 2π offsets after unwrapping. For the dynamic shimming, a 2D plane was fitted to each field map slice to determine the center frequency and gradient offsets (firstorder shim terms). Center frequency and gradient offsets were then updated before the acquisition of each EPI imaging slice in real time. The time for the acquisition of the field map was approximately 540 milliseconds per slice, or 19 seconds for a 35-slice station processing time of the field map was negligible.
WBMRI Protocol
All volunteers and patients underwent the same WBMRI protocol, which consists of a coronal Dixon T1W Volumetric Interpolated Breath-hold Examination sequence, a coronal 3D T2W variable flip angle scheme turbo spin-echo-based "Sampling Perfection with Application optimized Contrasts using different flip-angle Evolutions" (SPACE), and a transversal prototype 2D single-shot DWI EPI sequence with iShim (WIP870 for SW version VD13A) and conventional 3D shim-based shimming adjustment, respectively. All the scans were performed on a 3 T MR scanner (MAGNETOM Skyra; Siemens Healthcare GmbH, Erlangen, Germany). T1W and T2W scans covered the body from head to feet, and DWI scans from head to thigh. Detailed protocol parameters were listed in Table 2 . The iShim and 3D shim DWI acquisitions shared the same protocol parameters except the shimming approach. The magnetic resonance imaging scans were read by 2 experienced radiologists (with 8 and 2.5 years' experience, respectively) independently, and both of the readers were blind to the patient's clinical stages and the extent of disease involvement. All evaluations were done on a postprocessing workstation (syngo.via; Siemens Healthcare GmbH, Erlangen, Germany), except for the SNR evaluation.
SNR Calculation
The SNR was calculated using a prototype implementation of the pseudo-replica method, 17, 18 which can accurately account for image reconstruction steps such as parallel imaging. Signal-to-noise ratio maps were calculated from iShim WBDWI and 3D shim WBDWI FIGURE 1. Schematics of the prototype iShim sequence. At the beginning of acquisition for each station, a 2D field map was acquired for each imaging slice, and then used to calculate an individual center frequency and individual gradient offsets for each slice. During the imaging phase, the center frequency and gradient offsets were then updated before the acquisition of each DWI EPI imaging slice in real time. Figure 1 can be viewed online in color at www.investigativeradiology.com. complex-valued raw data and noise data of b = 50 s/mm 2 acquisitions. For the SNR comparison between iShim and 3D shim, data were evaluated for each slice in 2 volunteers representing a long neck (a heavy abrupt change in B0 field along head-foot direction) and a short neck scenario (a slight abrupt change in B0 field along head-foot direction). The region of interest (ROI) in each SNR map was contoured using a threshold (≥10) filter implemented in MATLAB (The MathWorks Inc, Natick, MA) on the SNR map averaged from iShim and 3D shim WBDWI images. Then, the mean SNR (SNR iShim /SNR 3Dshim ) for each slice was reported as a function of position from head to pelvis.
Image Quality Assessment
The image quality assessments consisted of the quantitative analysis of spatial alignment and the scored evaluation of whole-body signal integrity (or signal continuity across adjacent bed positions).
For the assessment of image displacement, the b = 800 s/mm 2 iShim and 3D shim DWIs were both registered to T2 SPACE images in a 3D view mode, and then the spine displacement between DWI and T2 SPACE along the anterior-posterior direction was measured in the transverse plane for both iShim and 3D shim. Regardless of the height, 15 displacement measures for each patient were sampled from cervical to coccyx vertebrae with identical interval (unit, millimeter). For the assessment of image quality, the "whole-body signal integrity" score was defined to describe the signal continuity between adjacent bed positions. Diffusion-weighted images were scored by using the following criteria, as exemplarily shown in Figure 2 : score 1 represents that there are more than 2 discontinuities of body shape in the sagittal reformats between images acquired at adjacent bed positions (Fig. 2A) ; score 2 represents that there are 2 discontinuities of body shape between adjacent bed positions (Fig. 2B) ; score 3 represents that there is 1 discontinuity of body shape between adjacent bed positions (Fig. 2C) ; score 4 represents that there are no apparent discontinuities of body shape (Fig. 2D) .
Lesion Detection Assessment
For each shim technique, the number of suspicious focal lesions shown in each DWI slice were counted separately, and reported for each body region (neck, thorax, abdomen, and pelvis). For example, when there is a lesion across 4 slices, the total counted lesion number is 4. The suspected lesions in each slice with a diameter being larger than 5 mm were counted.
Agreement of ADC
Apparent diffusion coefficient maps were generated inline on the scanner from DWIs with b-values of 50 and 800 s/mm 2 . Then, the ADC of suspicious lesions and the adjacent dorsal muscle group on the same slice were measured and compared in the respective body region. The suspected lesions, which were visible in b = 800 s/mm 2 DWIs with a diameter being larger than 5 mm, were selected. The lesion and muscle ROIs were manually placed over the ADC maps in the transversal plane by simultaneously identifying lesions in reconstructed sagittal and coronal planes, and the mean ADC of the ROI was recorded for further analysis. The area of ROI for a lesion was defined as a circle with 80% to 90% of the largest cross section of lesions in the corresponding transverse slice. A circle was used for muscle ROIs, and each ROI area was~2 cm 2 . In the case of signal loss in DWIs, the ROI was contoured in T2 SPACE images and spatially transferred to DWIs for measurement.
Statistical Analysis
Statistical analysis was performed using the MedCalc software package (version 7.2.0.2, www.medcalc.org). For the image quality evaluation, the mean absolute spatial displacement for each DWI technique was compared by using the 2-sample Student t test at each slice position, and the whole-body signal integrity was evaluated by the score distribution histogram and the mean score difference. Differences were deemed to be significant at a P value of less than 0.05. In the analysis of the diagnostic performance for both iShim and 3D shim DWI sequences, the number of detected suspected lesions per FIGURE 2. Examples of whole-body signal integrity score: (A) score 1 for more than 2 signal discontinuities, (B) score 2 for 2 signal discontinuities, (C) score 3 for 1 signal discontinuity, (D) score 4 for no apparent signal discontinuity.
slice was grouped for each DWI technique and then compared using a paired Student t test. In addition, the difference of ADC between the iShim and 3D shim technique was evaluated using a paired Student t test and a Bland-Altman plot for each body part.
RESULTS
Signal-to-Noise Ratio
Two volunteers' position-dependent SNR of iShim over 3D shim is plotted from head to pelvis in Figure 3A . Compared with the 3D shim adjustment, the maximum SNR improvement with iShim was observed in the neck region, and a comparable SNR (ratio, 1 ± 0.2) in other body regions. For the neck region, a maximum of 8 times SNR improvement was observed for the short neck volunteer (volunteer 1 as shown in Fig. 3 , B and C) and a maximum of 15 times SNR improvement was found in the long neck volunteer (volunteer 2 as shown in Fig. 3, D and E) . Signal loss in the neck region was observed in both volunteers with 3D shim scanning, while both volunteers with iShim scanning did not show signal loss in the neck region. For the neck region of the total 29 scanned patients, there was no obvious signal loss observed with iShim scanning, while 25 patients showed partial to complete signal loss with 3D shim scanning.
Position-Dependent iShim Shift Parameters
All the volunteers' and patients' iShim parameters (center frequency shift, linear frequency shift in phase-encoding direction), in the format of deviation from 3D shim-related parameters, are plotted as a function of position from head to thigh in Figure 4A . A stronger deviation both for center frequency shift and for linear frequency shift in phase-encoding direction were observed in the neck and neckthorax regions, while in other body regions including the head, thorax, abdomen, and pelvis, a mean of close-to-zero deviation was found. As exampled in Figure 4B , iShim parameters successfully corrected the signal discontinuity across adjacent bed positions, which was observed in 3D shim.
Image Quality
As shown in Figure 5A , all 29 patients' absolute spatial displacement was quantitatively evaluated from cervical to coccyx vertebras. The neck region with signal loss was not included for the spatial displacement evaluation. The mean absolute spatial displacement of spine between DWI and reformatted T2 SPACE images was 3.89 mm for iShim and 7.21 mm for 3D shim, respectively. Figure 6 shows the histogram plot of the whole-body signal integrity scores for all patients. The evaluation of iShim WBDWI resulted in a mean score of 3.69, and 76% of the cases showed unimpaired whole-body signal integrity, while in 3D shim WBDWI images, the mean score was 1.93, and only 7% of the cases showed unimpaired whole-body signal integrity. The iShim technique showed a significantly better illustration of the body shape than 3D shim WBDWI.
Lesion Detection Assessment
In total, 29 patients with suspected plasma disorders were evaluated, and there were 17 patients presenting suspicious focal lesions in both iShim and 3D shim DWIs. Visual inspection of iShim and 3D shim DWIs side by side showed that the same lesions in the thorax, abdomen, and pelvis regions were observed in both techniques, while 24 of 72 lesions visible in iShim DWIs of the neck region were not visible in 3D shim DWIs; all lesions observed in 3D shim DWI were also visible in iShim DWIs (Table 3) . Slice-by-slice review of all WBMRI images including b = 50 and 800 s/mm 2 data revealed that as function of position from thigh to head. B, An example of sagittal reformats of multiple myeloma patient images acquired using the same scan parameters except for the shim method: 3D shim and iShim, where discontinuity of body shape was found between adjacent bed positions for 3D shim. Figure 4 can be viewed online in color at www.investigativeradiology.com.
FIGURE 5.
A, Position-dependent absolute spatial displacement for iShim (red circle) and 3D shim (blue circle). B, Box plot of spatial displacement for iShim and 3D shim. Figure 5 can be viewed online in color at www.investigativeradiology.com.
FIGURE 6.
Histogram plot of whole-body signal integrity score for iShim and 3D shim. Figure 6 can be viewed online in color at www.investigativeradiology.com.
signal loss was the reason for all conspicuous lesions in the neck region, which were not observed in 3D shim WBDWI.
Agreement of ADC
A comparison of the ADC map between iShim and 3D shim DWIs for lesions and muscles is shown in Figure 7 , A and B. This comparison was cataloged by body region. In the thorax, abdomen, and pelvis regions, the mean ADC of lesions and muscle showed no significant difference (P > 0.05), and the ADC acquired using iShim and 3D shim were well correlated in lesions and muscle (r > 0.75). In the neck region, significant differences were found (P < 0.05) in mean ADC of lesions and muscle between iShim and 3D shim.
DISCUSSION
In this article, we report our early experience with iShim WBDWI in a population of patients with conspicuous plasma disorders who were referred for the WBMRI examination. The iShim and 3D shim WBDWI acquisitions with the exact same scan parameters were performed sequentially, and the impact of different shimming techniques on the image quality and conspicuous lesion detection were quantitatively analyzed and evaluated.
In this preliminary study, iShim WBDWI outperformed 3D shim WBDWI with better SNR, excellent image quality, and improved conspicuous lesion findings in the neck region. The iShim WBDWI revealed comparable SNR and moderately improved image quality and comparable lesion findings in the head, thorax, abdomen, and pelvis regions as compared with 3D shim WBDWI.
Signal loss is very common in the neck region of conventional WBDWI (3D shim WBDWI). In the neck region, the B0 varies along the head-foot direction due to the special shape of the neck where there is a sudden change of the body shape. Fat suppression with short TI inversion recovery (STIR) is insensitive to B0. 19, 20 This is a reason why fat suppression with STIR is today clinical standard in WBDWI instead of chemical shift-based fat suppression techniques. Especially in the case of a body station covering the neck and part of the shoulder region, the 3D shim adjustment becomes insufficient as 1 single resonance frequency is not applicable for the whole volume. Also evident from Figure 4 , the neck region showed larger variation of center frequency shift and linear frequency shift in the phase-encoding direction as compared with other body regions. This explains why conventional 3D shim adjustment, delivering only 1 single-center frequency and 1 set of shim currents per station does often not work reliably in the neck region. By applying a slice-based individual center frequency and gradient offset setting, the iShim technique produced improved SNR and reliable image quality in the neck region and therefore outperforms 3D shim. As a result, iShim WBDWI could detect more conspicuous lesions than 3D shim WBDWI in the neck region as evident from the count of suspicious lesions. Lower SNR in the neck region also affects the estimation of ADC values. In the body regions such as the thorax, abdomen, and pelvis, there were no significant differences between iShim and 3D shim WBDWI for lesions and muscles. However, in the neck region, ADC from the 3D shim was on average lower than with iShim. In a review of all lower estimated ADC by 3D shim in 11 subjects (23 ROIs for lesions and 20 ROIs for muscle), 23 ROIs showed that signal loss in 3D shim was the main reason for wrong estimation of ADC as demonstrated in Figure 8 . For the lesions with no signal loss, the spearman plot showed that the ADC values from iShim and 3D shim were correlated well. This is strong evidence that the iShim improves the accuracy of ADC values over 3D shim in the neck region. Whole-body diffusionweighted imaging provides a global assessment of whole-body tumor burden by visually assessing the signal intensity distribution on maximum intensity projections from high-b-value images. However, practically the whole-body images are acquired with multiple bed positions and are then composed to show the whole-body view. Therefore, the signal homogeneity across different body parts is quite important, and lesions crossing adjacent bed positions might be missed or misidentified as a result of large signal differences between 2 positions. The whole-body signal integrity score evaluation showed that the iShim technique performed much better than 3D shim and resulted in a smoother signal transition between adjacent bed positions.
A technique to further reduce the remaining distortions significantly is possible with the recent extension of the iShim prototype sequence as described in. 21 The modification combines the prospective slice-specific center frequency adjustment and first-order shimming with retrospective distortion correction based on the field map method. 22 The field map method uses a measured field map to undo the distortion on a pixel-wise scale during postprocessing. In the combined method, the field map needed for the distortion correction is not remeasured after center frequency adjustment and shimming but calculated from the field map measured at the beginning and the known frequency and shim settings. It therefore does not prolong the acquisition time. It is a matter of further evaluation to enroll new patients to test the iShim method together with retrospective distortion correction.
There were 2 limitations in this study: (1) Small sample size especially in the evaluation of the SNR. Signal-to-noise ratio maps were not calculated for each patient as this calculation requires the raw k-space data sets, which were not saved for patient scanning in this study, so we chose 2 volunteers, which might not be representative. (2) Coronal reformatted T2 SPACE images used as a reference for spatial displacement evaluation. Although actual resolution in anteriorposterior direction was limited by T2 SPACE slice thickness, we still observed significant displacement improvement with interpolated resolution in multiplane reconstructions.
In this study, to provide a direct comparison of iShim WBDWI with the clinical standard for WBDWI, STIR fat suppression was used for both methods. Short TI inversion recovery suffers from lower SNR compared with chemical shift-based fat suppression methods because water signal, which is also inverted by the inversion pulse, is not fully recovered at excitation time. Chemical shift-based fat suppression techniques, however, are very sensitive to B0 inhomogeneity, so that the image quality can be degraded by fat ghosting. As iShim helps to significantly reduce the B0 inhomogeneity, chemical shift-based fat suppression techniques might provide an efficient fat suppression . The cross bar in all images shares the same physical position. Not only the detection of suspicious lesions is important for diagnosis, but also the pixel-wise multiparametric assessment of lesions by combined analysis with other sequence contrasts (such as T2W, T1W with or without contrast injection). This pixel-wise multiparametric analysis, however, requires accurate spatial alignment among different image contrasts. By fusing with T2 SPACE images, iShim DWIs showed a significant reduction in the amount of spatial displacement and less distortion compared with 3D shim DWIs. The reason for the remaining distortions is that with slice-specific center frequency adjustment and first-order shimming alone it is usually not possible to completely compensate the B0 offset of all pixels of a slice simultaneously. Second-order shim channels cannot be utilized for dynamic shimming because the shim settling times are significantly longer than the time between acquisitions of successive slices. Furthermore, the different shim settings also lead to different distortions in neighboring pixels of adjacent slices so that the anatomy appears unnaturally deformed in 3D reformats of the acquired slice stack. Figure 8 can be viewed online in color at www.investigativeradiology.com. from head to toe. Chemical shift-based fat suppression techniques such as SPAIR (Spectral Adiabatic Inversion Recovery) are not compatible with iShim as they exploit nonselective radio-frequency pulses. Instead, slice-selective water excitation could be used with iShim. The inherently higher SNR of water excitation may allow reducing the number of averages and hence the total acquisition time, and it is worth to be evaluated in a clinical setting.
CONCLUSIONS
The iShim technique is an effective method to reduce the negative impact of susceptibility effects at 3 T on whole-body diffusion imaging, as supported by the apparent improvement in signal integrity and spatial alignment, as well as improved SNR in the neck region. Compared with the 3D shim technique, the iShim showed improved clinical performance in detecting suspicious lesions in the neck region.
